In Caucasians, the two to threefold increase in cardiovascular disease seen in subjects with non-insulin-dependent diabetes mellitus (NIDDM) accounts for a large part of the excess total mortality of this condition [1, 2] . The increased cardiovascular risk in NIDDM is greater than can be explained by established risk factors such as dyslipidaemia and obesity [3]. Interest has therefore focused on other features of NIDDM, that may contribute to the elevated vascular risk in subjects with NIDDM, including abnormalities of the coagulation and fibrinolytic cascades. The elevated circulating levels of the fibrinolytic inhibitor plasminogen activator inhibitor-1 (PAI-1) seen in NIDDM [4-8] offer two possible pathways by which vascular damage could occur and lead to the high prevalence of macrovascular disease. First, through impaired fibrinolysis contributing to the formation of atherosclerotic plaques, of which fibrin is an important constituent [9]; second, impaired fibrinolysis may result in a pro-thrombotic state predisposing to formation of thrombi and arterial occlusion. Diabetologia (1996) Summary Elevated plasminogen activator inhibitor-1 may contribute to vascular disease in diabetes mellitus. Pima Indians have a low incidence of cardiovascular disease despite having a high prevalence of non-insulin-dependent diabetes mellitus (NIDDM) which in this population is not associated with elevated plasminogen activator inhibitor-1 activity. In Caucasians an insertion/deletion (4G/5G) polymorphism in the promoter region of the plasminogen activator inhibitor-1 gene that has been related to activity levels of its protein in plasma differentially binds repressor and enhancer elements. In 265 Pima Indians (133 diabetic, 132 non-diabetic, 129 male, 136 female, mean age 46.6, range 34-68 years) the promoter genotype frequencies were 23.0 % for 4G/4G, 49.8 % for 4G/5G and 27.2 % for 5G/5G compared to 35.4 %, 50.8 % and 13.8 % respectively (c 2 = 15.3, 2 df, p < 0.0005) previously reported in Caucasians with NIDDM. The mean plasma activity levels in the three genotypes in the Pima Indians were 18.2, 19.1 and 18.1 U/ml, respectively. Plasminogen activator inhibitor-1 activities correlated with plasma insulin (r = 0.38, p < 0.0001), body mass index (r = 0.24, p < 0.0001), and with triglyceride level (r = 0.12, p = 0.054) but there was no relationship between promoter genotype and activity. A steeper regression slope between plasminogen activator inhibitor-1 activity and triglycerides has been observed in Caucasians with the 4G/4G genotype as compared to Caucasians with the other genotypes. This was not found in the Pima population which may indicate a functional difference in this gene associated with reduced cardiovascular risk and may be involved in the lack of association of plasminogen activator inhibitor-1 levels with NIDDM in Pima Indians. [Diabetologia (1996[Diabetologia ( ) 39: 1512[Diabetologia ( -1518 
Summary Elevated plasminogen activator inhibitor-1 may contribute to vascular disease in diabetes mellitus. Pima Indians have a low incidence of cardiovascular disease despite having a high prevalence of non-insulin-dependent diabetes mellitus (NIDDM) which in this population is not associated with elevated plasminogen activator inhibitor-1 activity. In Caucasians an insertion/deletion (4G/5G) polymorphism in the promoter region of the plasminogen activator inhibitor-1 gene that has been related to activity levels of its protein in plasma differentially binds repressor and enhancer elements. In 265 Pima Indians (133 diabetic, 132 non-diabetic, 129 male, 136 female, mean age 46.6, range 34-68 years) the promoter genotype frequencies were 23.0 % for 4G/4G, 49.8 % for 4G/5G and 27.2 % for 5G/5G compared to 35.4 %, 50.8 % and 13.8 % respectively (c 2 = 15.3, 2 df, p < 0.0005) previously reported in Caucasians with NIDDM. The mean plasma activity levels in the three genotypes in the Pima Indians were 18.2, 19.1 and 18.1 U/ml, respectively. Plasminogen activator inhibitor-1 activities correlated with plasma insulin (r = 0.38, p < 0.0001), body mass index (r = 0.24, p < 0.0001), and with triglyceride level (r = 0.12, p = 0.054) but there was no relationship between promoter genotype and activity. A steeper regression slope between plasminogen activator inhibitor-1 activity and triglycerides has been observed in Caucasians with the 4G/4G genotype as compared to Caucasians with the other genotypes. This was not found in the Pima population which may indicate a functional difference in this gene associated with reduced cardiovascular risk and may be involved in the lack of association of plasminogen activator inhibitor-1 levels with NIDDM in Pima Indians. [Diabetologia (1996) 39: 1512-1518] There is evidence that genetic factors may be important in determining PAI-1 levels [10] [11] [12] [13] . A common insertion/deletion polymorphism has been reported in the promoter region of the PAI-1 gene that has been shown to be related to PAI-1 activity in some populations [11] [12] [13] [14] . Environmentally influenced factors, such as serum triglyceride concentrations, have been reported to interact with the PAI-1 genotype to regulate plasma PAI-1 levels in some populations [10, 12, 15] .
The Pima Indians of the Gila River Indian Community in Arizona have the world's highest reported prevalence of NIDDM [16] [17] [18] [19] . Despite this, coronary heart disease (CHD) is less common [17, [19] [20] [21] with a rate of fatal CHD of half that in diabetic subjects from the Framingham study when controlled for age and sex [19] . A study of the effect of diabetes on PAI-1 levels in three different racial groups found PAI-1 activity levels in diet-treated diabetic Pima Indians were similar to non-diabetic Pima Indians and that levels in these non-diabetic Pima Indians did not differ significantly from non-diabetic Caucasian and Asian subjects [22] . This finding prompted us to investigate the relationship between features of the insulin resistance syndrome and PAI-1 activity levels and the genetic regulation of PAI-1 in Pima Indians. Genotype at a single base-pair insertion/deletion polymorphism was identified and the relationship between levels of PAI-1 and those of other metabolic variables by genotype was investigated in a multiple regression model. Genotype data was obtained on all subjects in the earlier study but insulin-treated subjects were excluded from this study to enable comparison with studies of this polymorphism in other ethnic groups. The low prevalence of CHD and the lack of association between PAI-1 levels and NIDDM in the Pima Indians have yet to be explained and could be due to environmental or genetic factors.
Subjects and methods
Subject recruitment. Subjects were randomly recruited as part of a longitudinal epidemiological study [17] of NIDDM among the Pima Indian residents of the Gila River Indian Community between November 1991 an October 1992. Every 2 years residents of the community over the age of 5 years are asked to undergo a research examination which includes the determination of venous glucose concentration 2 h after the ingestion of 75 g of glucose. The diagnosis of diabetes was made by World Health Organisation criteria [23] (plasma glucose ≥ 11.1 mmol/l 120 min after 75 g carbohydrate load). All subjects aged between 35 and 70 years, attending between November 1991 and October 1992, were included unless excluded by the following criteria; pregnancy, a clinical history of ischaemic heart disease, use of thiazide diuretics, oral contraceptives or insulin treatment. Height and weight were recorded in subjects wearing light clothing without shoes. body mass index was calculated from the subject's weight in kilograms divided by the square of the height measured in meters.
Plasma glucose was measured by a hexokinase method (Ciba-Corning EXPRESS 550 analyser, Ciba-Corning, Norwood Massachusetts). Total serum cholesterol and serum triglycerides were measured by enzymatic methods using a Hitachi 717 analyser (Boehringer Mannheim Indianapolis, Indiana).
Plasma insulin was measured using previously characterised antibodies [24] in a modified two-site microplate immunoenzymometric assay [25] . The assay was sensitive to 2.0 pmol/l with an intra-assay coefficient of variation of 8.7 % for concentrations above 15 pmol/l and inter-assay coefficient of variation of 12 %.
Blood was collected into EDTA before lysing of the erythrocytes and pelleting of the leukocytes for later DNA extraction. After digestion with proteinase K, DNA was extracted by a standard phenol-chloroform method.
Determination of PAI-1 genotype. PAI-1 4G/5G promoter genotype was established for each subject by polymerase chain reaction (PCR) amplification of genomic DNA using the allele specific primers [26] : insertion 5G allele; 5 ′-GTC TGG ACA CGT GGG GG-3 ′, deletion 4G allele; 5 ′-GTC TGG ACA CGT GGG GA-3 ′ each in a separate PCR reaction together with the common downstream primer 5 ′-TGC AGC CAG CCA CGT GAT TGT CTA G-3 ′ and a control upstream primer 5 ′-AAG CTT TTA CCA TGG TAA CCC CTG GT-3 ′ to verify the occurrence of DNA amplification in the absence of the allele on the genomic DNA. The PCR was carried out in a final volume of 25 m l containing 100 ng DNA, 50 pmol of specific and downstream primers, 3 pmol of upstream primers, 0.2 m mol/l dNTPs, and 1 U Taq polymerase (Gibco, Paisley, UK). The PCR cycle conditions were 94°C for 60 s, 65°C for 45 s then 72°C for 75 s for 30 cycles. The amplified DNA fragments were separated by agarose gel electrophoresis and, after staining with ethidium bromide, viewed under ultraviolet light. Each subject was classified by two observers into one of the three possible genotype groups: 4G/4G, 4G/5G or 5G/5G. To validate this method control subjects of each genotype, as shown by direct sequencing, were run with each batch of samples.
Measurement of PAI-1 activity. All samples were taken after an overnight fast, between 08.00 and 10.00 hours to minimise the effect of diurnal variation. Blood for PAI-1 activity was collected without venous stasis with a wide-bore needle into prechilled tubes containing 3.8 % sodium citrate solution. Samples were cold centrifuged immediately and the plasma stored at -70°C. PAI-1 activity was measured by a kit chromogenic substrate method (Kabi Vitrum, Uxbridge, Middlesex, UK), modified to a microplate method. Results are expressed as arbitrary units (AU/ml), one unit of inhibitor being defined as the amount that inhibits one international unit of tissue plasminogen activator. The intra-assay coefficient of variation is 4.5 % and inter-assay coefficient of variation is 8.5 % and detection limit of the assay is 5 AU/ml.
Statistical analysis
Variables with a log e -normal distribution, insulin, triglycerides, cholesterol and blood glucose, were log e transformed and are shown as the geometric mean with its 95 % confidence interval. Other data are presented as arithmetic mean and 95 % confidence interval. Continuous variables were compared using the Student's t-test for independent samples. Categorical variables were compared using the chi-square test. Pearson correlation coefficients between the metabolic parameters and PAI-1 levels were calculated.
One-way ANOVA was used to compare values between more than two groups of subjects. The relationship of various independent variables to PAI-1 activity levels was assessed by stepwise multiple linear regression analysis with entry criterion as p < 0.05 and removal criterion as p > 0.1 for each independent variable.
Two techniques were used to detect the influence of genotype on PAI-1 activity. First, genotype, expressed as two indicator variables was entered in a regression analysis model. Second, the PAI-1 activity data was adjusted for the influence of factors that showed significant correlation with PAI-1 activity, i. e. ln insulin and age, and then adjusted levels were compared in the three genotype groups.
The regression slope for the relationship between each metabolic factor (insulin, body mass index, triglyceride, glucose) and PAI-1 was calculated for each genotype and the slopes compared using the method described by Armitage and Berry [27] .
Results
Clinical data. The clinical characteristics of the 265 Pima Indians are shown in Table 1 . Subjects with diabetes had higher fasting glucose, HbA 1c and were older. There was no significant difference in the body mass index of the two groups.
Fibrinolytic data. PAI-1 activity levels and Pearson correlation coefficients between the metabolic parameters and PAI-1 levels have been reported previously for 213 of these subjects [22] . As there was no difference between the PAI-1 activity levels in the diabetic and non-diabetic subjects (Table 1) these groups were combined to look at the effects of metabolic and genetic variables on PAI-1 activity. In the 265 Pima Indians studied PAI-1 activity correlated with plasma insulin (r = 0.38, p < 0.0001), body mass index (r = 0.24, p < 0.0001), and weakly with triglycerides (r = 0.12, p = 0.054). There was also a negative correlation between age and PAI-1 activity (r = -0.16, p < 0.010) and no significant correlation with glucose, cholesterol or HbA 1c .
To determine the independent predictors of PAI-1, linear multiple regression analysis was performed with PAI-1 activity as the dependent variable and body mass index, age, sex, insulin, triglycerides, glucose, cholesterol and genotype as the initial independent variables in a stepwise model. Age and insulin remained in the model as the only independent and significant predictors of PAI-1 activity according to the mathematical expression: PAI-1 activity = 4.95 ln insulin -0.16 age + 2.96 (F = 25.8, p < 0.00 001)
This model accounts for 16.5 % of the variance in PAI-1 levels between individuals.
Genotype data. There were 61 subjects with the 4G/ 4G genotype, 134 with 4G/5G and 72 with 5G/5G. The genotype frequencies were not different from those predicted by Hardy-Weinberg equilibrium. The allele frequencies were 0.48 and 0.52 for 4G and 5G, respectively (Table 2 ). There was no difference in the genotype distribution between diabetic and non-diabetic Pima Indians (c 2 = 1.94, 2 df, p = 0.38). The genotype frequencies in the Pima Indians were however significantly different from those observed in a previously reported study of 189 Caucasian subjects with NIDDM in Leeds, UK [15] (c 2 = 15.2, 2 df, p < 0.0005) (Fig. 1) . There was no relationship between PAI-1 genotype and PAI-1 concentrations alone or when adjusted for features of the insulin resistance syndrome (Table 2) . Power calculations estimate this study had an 80 % likelihood of detecting a difference in PAI-1 activity of 4.5 mU/l between the 4G/4G and 5G/5G groups at the p < 0.05 level. This would represent a 25 % difference between the highest level of 19 mU/l and the lowest levels, a difference less than was detected between 4G/4G subjects and 5G/5G subjects in NIDDM subjects in the UK [12] .
Gene-environment interactions. Table 3 shows the results of the regression analyses. There was no difference in the regression slopes of PAI-1 on triglycerides, insulin or glucose between genotype groups. For PAI-1 on body mass index the regression slope in the 4G/4G group was significantly steeper than in the 4G/5G group (p = 0.022), although no adjustment has been made for multiple comparisons. It is difficult to distinguish the effects of insulin resistance from those of hyperinsulinaemia, hypertriglyceridaemia, male pattern obesity, high BMI, systolic hypertension, low HDL-cholesterol and glucose intolerance. In vitro cell stimulation experiments provide evidence to implicate insulin [39] [40] [41] very low density lipoproteins from hypertriglyceridaemic subjects [42] and high glucose levels [43] [44] in the production of elevated PAI-1 levels. However, in vivo studies have failed to demonstrate an effect of hyperinsulinaemia [45] [46] [47] [48] or hypertriglyceridaemia [45] on PAI-1 levels. While some studies find a significant correlation between PAI-1 and glycaemia [12] , others have shown only a weak correlation [15, 49, 50] .
Evidence that genetic factors are important in determining PAI-1 levels comes from clinical studies. Initially, a 3 ′ Hind III RFLP and an intronic dinucleotide (CA) repeat were shown to be related to elevated PAI-1 levels [10]. More recently, an insertion/ deletion (4G/5G) polymorphism has been related to circulating levels of PAI-1 in several large studies of NIDDM and non-diabetic subjects. Levels are highest in subjects with the 4G/4G genotype and generally about one-third higher than subjects homozygous for the 5G allele [11] [12] [13] . Recent studies have shown an association between genotype at this site and coronary artery disease itself [13, 51] . Evidence that the informative nature of the 4G/5G polymorphism lies in it being a functional site comes from in vitro studies demonstrating differential enhancer/repressor binding at the 4G and 5G sites [11, 13] . Studies of gene-environment interactions in patients have provided further information on the functional nature of the 4G/5G mutation, with three studies having In contrast to the studies in Caucasians that have not shown a significant difference between PAI-1 levels in the different genotypes [15] , in the Pima Indians not even a trend towards higher levels was seen with possession of one or more 4G alleles. Pre-existing vascular disease may be necessary for expression of the genotype effect on PAI-1 levels, and this could explain the absence of an effect of genotype on PAI-1 levels in Pima Indians.
In Pima Indians CHD is infrequent despite the high prevalence of diabetes and obesity. This population, in which the prevalence of CHD is low even in subjects with NIDDM, could give important clues to the factors that form the link between NIDDM and CHD in other populations. In these Pima Indians there was no significant difference between PAI-1 activity levels in diabetic and non-diabetic subjects despite a similar relationship between PAI-1 activity and the features of insulin resistance to that observed in studies of Caucasians.
The prevalence of the different alleles at the 4G/ 5G locus has mainly been studied previously in Caucasian populations and demonstrate broadly similar prevalences whether patients are derived from Swedish or British populations. In the present study the Pima Indian population was found to have a significantly lower prevalence of the potentially deleterious 4G/4G genotype than in Caucasian subjects. Additionally, unlike some of the previous studies, there was no relationship between possession of a particular genotype at this locus and circulating levels of PAI-1. This variation in genotype prevalence may merely reflect random ethnic differences of no biological significance, alternatively this may be one of several genes predisposing an individual to CHD which may account for the lower prevalence of heart disease seen in this ethnic group.
In this group of Pima Indians we found a similar though weaker correlation between PAI-1 and triglyceride levels than previously found in Caucasian subjects with NIDDM. No relationship was found between PAI-1 genotype at the 4G/5G polymorphic site and the regression slope for PAI-1 activity on triglyceride or glucose concentration. The regression of PAI-1 on body mass index showed a steeper slope in the 4G/4G group compared to the 4G/5G group, although this may be a chance finding.
The reason for the absence in this ethnic group of the genotype specific relationship between PAI-1 activity and triglyceride that has been observed in Caucasians is unclear. However, one possibility is that binding of transcription factors differs in Pima Indians leading to alterations in gene regulation compared to Caucasians. Differences in triglyceride levels could also be involved. Although the allele frequencies in the Pima Indians were significantly different from those observed in Caucasian populations, it is unlikely that the absence of a relationship between 4G/5G genotype and PAI-1 levels in Pima Indians would be explained solely by differences in genotype frequency suggesting changes in other regulatory functions.
In summary, this study demonstrates that in Pima Indians there is no relationship between the PAI-1 4G/5G polymorphism, PAI-1 levels and most features of the insulin resistance syndrome. However, a genotype specific relationship between body mass index and PAI-1, with a steeper slope in the 4G/4G group was observed. In contrast to most studies in Caucasian subjects, there was no direct relationship between PAI-1 genotype and levels of PAI-1. These data suggest that this polymorphic site is not involved in the regulation of PAI-1 synthesis in Pima Indians. This may indicate a functional difference in the PAI-1 gene in this population. Further studies are required to elucidate the relationship between the PAI-1 gene, circulating PAI-1 levels and the presence of vascular disease in the Pima population. 
